Objective: Articular cartilage is separated from subchondral bone by the tidemark and a calcified cartilage zone. Advancement of the calcified region and tidemark duplication are both hallmarks of osteoarthritis (OA). Currently the mechanisms controlling post-natal articular cartilage mineralization are poorly understood. The objective of this study is to test the hypothesis that cellular communication between different cartilage layers regulates articular chondrocyte mineralization.
Introduction
Arthritis is the leading cause of disability among Americans 1 . The most common form of arthritis is osteoarthritis (OA), with 21 million Americans suffering from this degenerative condition 1 . Articular cartilage provides frictionless surfaces for joint articulation and its functional properties are derived from its structural organization and composition. Articular cartilage can be divided into three regions: the tangential (surface) zone, the transitional (middle) zone and the radial (deep) zone, with each region exhibiting characteristic cellular phenotype and matrix properties 2e8 . Below the radial zone lies the tidemark, separating articular cartilage from the calcified cartilage region 9e14 . The tidemark and the calcified cartilage collectively constitute the osteochondral interface, which functions as a physical barrier for vascularization and facilitates the pressurization and physiological loading of articular cartilage 15e17 . Advancement of the calcified region and tidemark duplication are observed with age 13,18e21 , and has been associated with OA 22e28 . Elucidation of the biochemical processes responsible for the regulation of articular chondrocyte mineralization may be critical in the treatment and eventual prevention of OA.
Current understanding of cartilage mineralization derives largely from our knowledge of endochondral ossification during embryonic limb development 29e33 , fracture healing 34e36 , and from studies of pathological mineralization associated with crystal deposition arthropathies 27, 37 . Systemic factors such as thyroid hormone promote hypertrophy of growth plate chondrocytes and the formation of mineralized cartilage, which is later remodeled into bone during endochondral ossification 20,32,38e41 . Articular cartilage in immature animals provides the matrix source for the growth of the epiphyseal nucleus 42 . Chondrocytes near the articular surface proliferate and form new cartilage, the matrix compartment then calcifies and the mineralization front advances toward the articular surface 20, 21, 32, 38, 39, 42 . This process, however, slows down following puberty and becomes dormant upon reaching skeletal maturity 20, 21, 38 . Multiple theories have been proposed regarding the mechanisms underlying the observed age- 13,18e21 and disease-related 20,22e28 advancement of the calcification front in articular cartilage. Carter and Wong 43 postulated that upward advancement is modulated by intermittent hydrostatic pressure generated in the deep layers of cartilage during physiological loading. Another hypothesis suggests that cells residing near the tidemark exert an active suppression of the mineralization processes in this area 44 . It has also been postulated that cellular activity and mineralization are quiescent at or near the transition region, and that only after trauma or during the early phases of OA, the chondrocytes near the tidemark become active and begin to mineralize 44, 45 . To date, direct experimental validation of these hypotheses has been limited and the mechanisms controlling chondrocyte mineralization remain elusive.
It is well established that molecular transport from the articular surface to the cartilage proper is mediated through dynamic loading 46, 47 . Physiological loading is also believed to prevent tidemark advancement 48 ; O'Connor 49 reported that unloading of the rat hind leg led to thickening of the calcified cartilage layer. Based on these observations and taking into consideration the stratified organization of articular cartilage, we propose here an original hypothesis that cellular communication within cartilage layers plays a regulatory role in cartilage mineralization. Specifically, we hypothesize that chondrocytes from the surface layer regulate the mineralization potential of chondrocytes residing in the deep zone. To test this hypothesis, the first objective of this study is to evaluate the interaction of chondrocytes isolated from the three different zones of articular cartilage using a direct co-culture model. The effects of co-culture on chondrocyte mineralization will be determined, and conditioned media studies will be conducted to evaluate the existence of paracrine effects. Thyroid hormone has previously been shown to induce hypertrophy in both growth plate and aging articular chondrocytes 32,38e41,50 . In this study, triiodothyronine (T3), a form of thyroid hormone, will be used to stimulate articular chondrocyte hypertrophy and mineralization 50 . Since the growth plate remains open before reaching skeletal maturity, exposure to systemic factors such as T3 in post-natal articular cartilage is not unexpected. Moreover, addition of T3 will stimulate the condition following injury to the osteochondral interface, after which the deep zone cartilage may be exposed to systemic factors via invasion of the subchondral bone vasculature 51 . The second objective of this study is to investigate the mechanism underlying any potential interactions between zonal sub-populations of articular chondrocytes. During development, the rate at which the growth plate cartilage mineralizes is highly regulated. It has been shown to be controlled via the parathyroid hormone-related peptide (PTHrP) and Indian hedgehog (Ihh) negative feedback loop 52e56 . During endochondral ossification, the hypertrophic and pre-hypertrophic chondrocytes secrete Ihh which promotes hypertrophy in adjacent chondrocytes 57e59 and induces PTHrP production in immature peri-articular chondrocytes 52, 55, 60, 61 . Whether the PTHrPeIhh control loop is significant in the regulation of articular chondrocyte mineralization during post-natal development is not known. In situ hybridization of rodent articular cartilage revealed that PTHrP expression is present in chondrocytes residing near the surface of articular cartilage at 20 weeks of age 62 . Based on these observations, we hypothesize that similar to growth plate chondrocytes, mineralization by deep zone chondrocytes (DZCs) is regulated by PTHrP, and chondrocytes at the surface and deep zones of articular cartilage may also communicate via the PTHrPeIhh negative feedback loop. To test this hypothesis, experiments have been designed to determine the role of PTHrP in regulating Ihh expression and mineralization potential of DZCs. Specifically, exogenous PTHrP will be added to DZCs stimulated by T3, and the resultant effects on cell alkaline phosphatase (ALP) activity and gene expression will be investigated. It is expected that while stimulation of DZCs with T3 will increase Ihh expression, this effect will be countered by the addition of PTHrP. Findings from this study are anticipated to provide insight into the mechanisms governing articular cartilage mineralization, and can have a significant impact on the formulation of future treatment strategies for OA as well as functional cartilage repair.
Materials and methods

CELLS AND CELL CULTURE
Primary bovine articular chondrocytes were used in this study. The cells were isolated from the knee joints of neonatal calves (w1 week old) obtained from an abattoir (Fresh Farm's Beef, Inc., VT). Due to differences in cartilage thickness between animals and isolation sites, a standardized protocol was developed based on published reports 3, 5, 6 . Specifically, the 10% (by height of the full thickness articular cartilage) closest to the articular surface was considered to be the surface zone, the middle 60% by height was deemed the middle zone, and the 30% closest to the subchondral bone was designated as the deep zone. Zonal populations of chondrocytes were then obtained by enzymatic digestions of tissue derived from each region following the methods of Hidaka et al. 8 . Briefly, the tissue was minced and digested overnight in 0.1% w/v collagenase (Sigma, St. Louis, MO) in Dulbecco's modified Eagle's medium (DMEM, Cellgro-Mediatech, Herndon, VA) supplemented with 1% fetal bovine serum (FBS, Atlanta Biologicals, Atlanta, GA) and 2% antibiotics (10,000 U/mL penicillin, 10 mg/mL streptomycin, Cellgro-Mediatech). The cells were seeded at high density (4 Â 10 5 cells/cm 2 ) and maintained in fully-supplemented DMEM (10% FBS, 1% non-essential amino acids, 1% antibiotics). Three sub-populations of chondrocytes were isolated from the tibiofemoral joint: the surface zone chondrocytes (SZCs), middle zone chondrocyte (MZC), and DZCs. A full thickness chondrocyte (FC) culture was established from digestion of a mixture of all isolated cartilage tissue pieces, without distinguishing any one cartilage zone from another. , and the cultures were maintained in fully-supplemented media for 2e3 days after seeding. Cultures were then stimulated with T3 (Sigma, St. Louis, MO) following methods described by Rosenthal and Henry 50 . Briefly, all groups were pre-treated for 24 h with serum-free DMEM supplemented with 1% antibiotic and 0.35 mg/mL bovine serum albumin (Sigma). The cultures were then stimulated with T3 (0, 10 and 100 nM) for 4 days, after which all cultures were maintained for up to 2 weeks in mineralization media without T3, i.e., fully-supplemented DMEM plus 50 mg/mL ascorbic acid (Sigma) and 3 mM b-glycerophosphate (b-GP, Sigma). Chondrocyte ALP activity and mineral deposition were 71 Osteoarthritis and Cartilage Vol. 16, No. 1 assessed at the onset (day 0) as well as post T3 stimulation on days 2, 4, 7, 10, and 14.
CO-CULTURE MODELS OF ZONAL POPULATIONS OF CHONDROCYTES
To evaluate cellular interactions between chondrocyte populations, direct two-dimensional (2-D) co-cultures of DZC with either SZC and/or MZC were established. Specifically, co-cultures of SZC þ DZC and MZC þ DZC were initiated by seeding at high density (4 Â 10 5 cells/cm 2 ) with a 1:1 mixture of each cell type. The co-culture ratio of SZC and DZC was chosen to approximate that of the in vivo cell ratio as previous reports have shown that the cell density in the surface zone cartilage is about two to three times higher than that of deep zone cartilage 7, 63 . Based on our isolation technique, it is expected the total cell number of SZCs and DZCs are approximately equal. Individual cultures of SZC, MZC, and DZC, as well as FCs served as controls. All chondrocyte cultures were then stimulated with T3 as described above. The effects of co-culture on cell proliferation, ALP activity and mineral deposition were assessed at 2, 4, 7, 10, and 14 days.
MECHANISM OF CELLULAR INTERACTIONS: PARACRINE EFFECTS
To determine whether zonal chondrocyte interactions were mediated through paracrine effects, a conditioned media study was performed. Cultures of SZC, DZC, and SZC þ DZC were first established in serum-free DMEM as described above, and conditioned media from these groups were collected at day 2 and again at day 4 of culture. The collected media were first centrifuged at 1500g for 10 min, and subsequently mixed with fresh media (1:1 volume). This media mixture was further supplemented with T3 to achieve a final T3 concentration of 0 or 10 nM. Parallel monolayer cultures of DZC were established, and these cultures were treated with the day 2-conditioned media at the start of the experiment, and then again with the day 4-conditioned media at media change 48 h later. Cell response to conditioned media, in particular ALP activity and cell proliferation, was evaluated at 96 h post treatment.
MECHANISM OF CELLULAR INTERACTIONS: ROLE OF PTHrP
To evaluate the role of PTHrP in mediating the interaction between zonal chondrocyte populations, PTHrP expression was measured for all groups. In addition, to directly assess its effect on DZC mineralization, exogenous PTHrP was added to DZC cultures stimulated with T3. Specifically, 50 nM of PTHrP (1e40, Sigma) was added along with T3 (0, 10, and 100 nM) to confluent DZC cultures. Cultures of DZCs stimulated by T3 but untreated with PTHrP served as controls. The effects of PTHrP on the mineralization potential of DZCs were analyzed at 0, 2 and 4 days.
The role of PTHrP-mediated interaction between zonal chondrocytes' population was further evaluated by blocking the actions of PTHrP using a PTHrP antagonist, parathyroid hormone (PTH) (7e34, Bachem, San Carlos, CA) 64 . Exogenous PTH (7e34) at 0, 0.1, 10, and 1000 nM was added to SZC þ DZC cultures along with T3 (0 and 50 nM) under serum-free conditions. The effects of the antagonist on ALP activity of SZC þ DZC cultures were analyzed at day 4.
THREE-DIMENSIONAL (3-D) CO-CULTURE MODEL
To ascertain that the observed responses were not limited to the 2-D model, a 3-D co-culture model was used to verify DZC and SZC interactions. Specifically, DZCs were first encapsulated in 2% agarose hydrogel at a concentration of 2 Â 10 7 cells/mL and then co-cultured with a monolayer of SZCs in a culture well [ Fig. 9(A) ]. An acellular hydrogel disc separated the DZC-laden disc from the monolayer of SZCs. The effect of co-culture on ALP activity of DZC was evaluated at 1, 3, 7 and 14 days.
END-POINT ANALYSIS: CELL PROLIFERATION
Cell proliferation (n ¼ 6) was determined by measuring total DNA per sample using the PicoGreen Ò assay (Molecular Probes, Eugene, OR) according to the manufacturer's suggested protocol. Briefly, the samples were first rinsed with phosphate buffered saline (PBS, Sigma) and the cells were lysed in 300 mL of 0.1% Triton X solution (Sigma). An aliquot of the sample (20 mL) was then added to 180 mL of the PicoGreen Ò working solution. Fluorescence was measured with a microplate reader (Tecan, Research Triangle Park, NC) with excitation and emission wavelengths of 485 and 535 nm, respectively. Total cell number in the sample was determined by converting the amount of DNA per sample to cell number using the conversion factor of 7.7 pg DNA/cell 65 .
END-POINT ANALYSIS: GENE EXPRESSION
Gene expression was measured using reverse transcription followed by real-time polymerase chain reaction (PCR). The oligonucleotides were custom designed and the sequences are summarized in Table I . Total RNA was isolated using the TRIzol Ò reagent (Invitrogen, Carlsbad, CA) extraction method. The isolated RNA was reverse-transcribed into cDNA via the SuperScriptÔ III First-Strand Synthesis System (Invitrogen) following the manufacturer's suggested protocol. The cDNA product was amplified and quantified through real-time PCR using iQ SYBR Green Supermix (BioRad, Hercules, CA). The expression levels of relevant genes indicative of chondrocyte maturation (n ¼ 6) such as ALP, type X collagen, matrix metalloproteinases-13 (MMP13), as well as the expression of Ihh and PTHrP (n ¼ 3) were measured and normalized to the expression of the housekeeping gene b-actin. All reactions were run for 40 cycles using 
END-POINT ANALYSIS: MINERALIZATION POTENTIAL
Cell mineralization potential was determined by examining ALP activity and mineral deposition. Quantitative ALP activity (n ¼ 6) was measured using an enzymatic assay based on the hydrolysis of p-nitrophenyl phosphate ( pNP-PO 4 ) to p-nitrophenol ( pNP) 66 . The samples were lysed in 0.1% Triton X solution, then added to pNP-PO 4 solution (Sigma) and allowed to react for 30 min at 37 C. The reaction was terminated with 0.1 N NaOH (Sigma).
A quantitative Alizarin Red-S (Sigma) assay was used to measure mineralization, according to the method described by Puchtler et al. 67 . The samples (n ¼ 5) were first rinsed with PBS and then fixed in 70% ethanol for 60 min at 4 C to preserve the mineral. The samples were incubated with the dye solution (40 mM) for 10 min, before rinsing with deionized water and PBS. A 10% (w/v) cetylpyridinium chloride solution (CPC, Sigma) was added in order to reconstitute the Alizarin Red-S dye. The amount of Alizarin Red-S, which reflects calcium deposition, was determined at the absorbance wavelength of 570 nm.
END-POINT ANALYSIS: HISTOLOGICAL ANALYSIS
Histological analysis was performed to visualize extracellular matrix deposition and ALP activity. Two samples (n ¼ 2) from each group were used for each type of histological stain. All samples were washed and fixed for 10 min in neutral formalin. Distribution of ALP activity was visualized using Fast Blue RR Salt and AS-MX Phosphate (Sigma). After fixation, the samples were incubated with 300 mL of dye solution at room temperature for 30 min, and then rinsed with deionized water prior to viewing under light microscopy. For mineral distribution, the samples were stained with 2% Alizarin Red-S for 1 h and then rinsed with deionized water.
STATISTICAL ANALYSIS
Results are presented in the form of mean AE standard deviation, with n equal to the number of samples analyzed. A two-way analysis of variance (ANOVA) was performed to determine the effects of T3 concentration and co-culturing conditions on total cell number, ALP activity and mineral deposition. Similarly, a two-way ANOVA was used to determine effects of combined T3 and PTHrP treatment on cell response. The TukeyeKramer post hoc test was used for all pair-wise comparisons, and significance was attained at P < 0.05. All statistical analyses were performed using the JMP software (SAS, Cary, NC).
Results
EFFECT OF T3 ON ZONAL POPULATIONS OF CHONDROCYTES
As the cultures were seeded at high density and maintained under serum-free conditions, total cell number remained relatively constant for the first 4 days of culture. Cell number increased after mineralization media were added at day 4 and peaked after 1 week for all groups examined, however, no significant difference was found between groups. The ALP activity of single cultures of SZC and MZC did not respond to T3 stimulation and remained at basal levels. In contrast, ALP activity of DZC increased significantly following T3 stimulation [ Fig. 1(A) , P < 0.05]. Histological staining [ Fig. 2(B) ] confirmed these results, with the T3-stimulated DZC cultures exhibiting stronger staining intensity when compared to the DZC control. Fig. 1 . Effects of T3 treatment on the ALP activities of single-and co-cultured chondrocytes derived from different cartilage zones (n ¼ 6, *:P < 0.05). Minimal ALP activity was measured in the SZC and MZC groups (not shown), while ALP activity for DZC (A) exhibited a significant increase when stimulated with T3. In contrast, co-culture of DZC with SZC (B) suppressed this increase in ALP activity, and a similar response was found in the FC which consisted of chondrocytes derived from full thickness articular cartilage.
EFFECT OF CO-CULTURE ON CHONDROCYTE MINERALIZATION POTENTIAL
When DZCs were co-cultured with SZCs, the stimulatory effect of T3 on ALP activity was inhibited; no significant increase in ALP was measured in the SZC þ DZC group over time [ Fig. 1(B) ]. A similar response was found in the FCs [ Fig. 1(C) ]. As shown in Fig. 2 , in the two co-cultured groups (MZC þ DZC and SZC þ DZC), T3 stimulation of MZC þ DZC resulted in significant increases in ALP activity as compared to the MZC þ DZC control. On the other hand, co-culture of DZC with SZC led to no significant increase in ALP activity when compared to the un-stimulated control at day 4. Histological staining [ Fig. 2(B) ] confirmed these quantitative findings.
Calcium deposition increased in the chondrocyte cultures after the addition of mineralization media at day 4 in all groups over time (Fig. 3) . Stimulation of DZC with 100 nM T3 resulted in a significant increase in calcium deposition at day 7 compared to the control DZC that did not receive T3 (P < 0.05). This increase in calcium deposition was not present after day 7, likely due to the termination of T3 stimulation at day 4. When DZCs were co-cultured with SZCs, no significant increase was found in calcium deposition regardless of T3 stimulation at any time. Similarly, the SZC-only, MZC-only and FC groups accumulated minimal mineral and T3 did not promote calcium deposition in these groups over time. These quantitative results were confirmed by Alizarin Red-S staining [ Fig. 3(B) ], where DZC stimulated with 100 nM T3 exhibited higher staining intensity compared to DZC control at day 7. Expression of marker genes characteristic of hypertrophic chondrocytes, including ALP, type X collagen and MMP13, was determined following T3 stimulation. As expected, both the DZC-only and DZC þ MZC co-cultured group showed an increase in gene expression for these hypertrophic markers with T3 stimulation (data not shown).
The expression for ALP at day 4 increased significantly for the DZC-only and DZC þ MZC groups, while no increase in ALP was detected in the SZC þ DZC group.
MECHANISM OF CELLULAR INTERACTIONS: PARACRINE EFFECTS
As shown in Fig. 4 , when conditioned media from the DZC group were added to DZC cultures (DZC / DZC), an increase in ALP activity was measured, and this increase was significantly higher at 10 nM T3 when compared to the untreated DZC control (P < 0.05). In contrast, the 75 Osteoarthritis and Cartilage Vol. 16, No. 1 level of ALP activity in DZC cultures treated with SZCconditioned media (SZC / DZC) was comparable to the un-stimulated controls. A similar response was observed when the DZC group was stimulated with conditioned media from the co-cultured group (SZC þ DZC / DZC).
MECHANISM OF CELLULAR INTERACTIONS: ROLE OF PTHrP
Since chondrocyte mineralization potential was suppressed in the SZC þ DZC co-cultured group, gene expression for PTHrP, a known regulator of chondrocyte hypertrophy, was determined. As shown in Fig. 5 , PTHrP gene expression increased significantly when DZCs were co-cultured with SZCs. In contrast, the co-culture of DZC with MZC did not lead to increased PTHrP gene expression at day 4.
To further assess the role of PTHrP in mediating SZC and DZC interactions, DZC cultures stimulated with T3 were treated with exogenous PTHrP. As shown in Fig. 6 , when the DZC culture was treated with PTHrP (50 nM), the previously observed increase in ALP activity following T3 stimulation was inhibited [ Fig. 6(A) ]. These findings were corroborated by ALP staining results [ Fig. 6(B) ]. Treatment with PTHrP also modulated the effect of T3 stimulation on the expression of markers of chondrocyte hypertrophy (Ihh, ALP, Type X collagen) in DZC cultures at day 4 ( Fig. 7 , P < 0.05). Addition of PTHrP also inhibited the increase in ALP expression level for DZC cultures stimulated with 10 and 100 nM T3. Moreover, type X collagen expression was significantly lower after treatment with PTHrP at 10 nM T3, while PTHrP had no significant effect on MMP13 expression level. Since PTHrP regulates chondrocyte maturation through the PTHrPeIhh negative feedback loop 52, 55, 68 , gene expression for Ihh was also determined in DZC cultures stimulated with T3. A dose-dependent increase in Ihh expression was measured for DZC cultures stimulated by 10 and 100 nM of T3. This increase was, however, inhibited when the DZC cultures were treated with 50 nM of PTHrP (P < 0.05, Fig. 7) .
To further test the role of PTHrP in the interaction between SZC and DZC, a known PTHrP antagonist, PTH (7e34) was added to SZC þ DZC co-culture concomitant with T3 stimulation. The PTHrP antagonist had no effect on cell number and no cell toxicity was observed in the cultures at all concentrations of PTH (0e1000 nM). PTHrP antagonist was able to block the inhibitory effect of SZC þ DZC co-culture on DZC mineralization potential (Fig. 8) . At 1000 nM PTH (7e34), a significant increase in ALP activity was detected in SZC þ DZC co-culture stimulated with T3. These findings were corroborated by ALP staining (data not shown).
3-D CO-CULTURE MODEL
As shown in Fig. 9 , when SZCs and DZCs were cocultured in the 3-D model, a significant decrease in DZC ALP activity was measured when compared with the DZC only control at day 7. Measured ALP activity decreased thereafter for all groups. Since ALP is an early indicator for cartilage calcification and acts as an enzyme to facilitate the hydrolyzation of organic phosphate, its activity is expected decrease after the onset of mineralization 69e71 .
Discussion
The objectives of this study were to determine the role of interactions between zonal populations of articular chondrocytes in post-natal regulation of mineralization and to elucidate the mechanisms governing these cellular interactions. To this end, we established direct co-culture models of cells derived from the three zones of articular cartilage (surface, middle, and deep), and found that cellular interactions, especially those between chondrocytes derived from the surface and deep zones, are critical for the inhibition of deep zone mineralization. Moreover, the regulation of chondrocyte mineralization is mediated by local paracrine factors such as PTHrP, most likely through the PTHrPeIhh negative feedback loop reminiscent of endochondral ossification.
Stimulation with thyroid hormone significantly increased ALP activity in the DZCs and also during their co-culture with MZCs. In contrast, little change in ALP activity was found when DZCs co-cultured with SZCs were stimulated with T3. Gene expression for PTHrP was significantly higher in the co-culture of SZCs and DZCs, suggesting that PTHrP may be a key modulator of the observed interactions between these two cell populations. Moreover, exogenous PTHrP inhibited increases in DZC ALP activity, while decreasing both type X collagen and Ihh expression Fig. 4 . Effects of conditioned media treatment on the ALP activity of DZC cultures (day 4, n ¼ 6, *:P < 0.05). Addition of the DZC-conditioned media resulted in a significant increase in DZC ALP activity, while no such increase was found in DZC cultures treated with conditioned media from either the co-cultured (SZC þ DZC) or SZConly groups. (/ indicate addition of conditioned media). in these cells. Further evidence supporting the role of PTHrP in mediating SZC and DZC interactions was observed in the blocking of PTHrP in the SZC þ DZC coculture group, which effectively reduced the inhibitory effect of SZC on DZC mineralization potential under T3 stimulation. The potential of PTHrP to regulate growth plate chondrocyte hypertrophy via the PTHrPeIhh negative feedback loop is well established 52e56 , as the presence of PTHrP promotes chondrocyte proliferation and suppresses the maturation of pre-hypertrophic chondrocytes, thereby preventing further mineralization. The findings of this study suggest that a similar mechanism may be implicated in the regulation of articular chondrocyte mineralization.
One limitation of the 2-D model is the dilution effect present in co-culture, as only half of the cell type is present when compared to single cultures. Due to this dilution effect the results should only be compared within the co-culture groups, and not between single cultured and co-cultured groups. For example, DZC stimulated with T3 measured over 100% increase in ALP activity when compared to the DZC control [ Fig. 2(A) ], while T3 stimulation of MZC þ DZC resulted in only a 50% increase over the MZC þ DZC control [ Fig. 2(A) ]. The less pronounced change seen in ALP activity for the MZC þ DZC group is likely due to a dilution effect. By the same token, a similar dilution effect is expected when SZC is co-cultured with DZC. Surprisingly, no significant increase was found in SZC þ DZC group stimulated with T3, suggesting that the observed suppression of ALP activity is likely due to SZC þ DZC interactions. In addition, when comparing the two co-culture groups (SZC þ DZC and MZC þ DZC), SZC þ DZC group measured a significantly lower ALP activity when compared to the MZC þ DZC group stimulated with 100 nM T3 [ Fig. 2(A) ]. This conclusion is further strengthened by the results of our 3-D model (Fig. 8) , in which any dilution effect is eliminated by directly evaluating the ALP activity of DZC in co-culture. A similar suppression of the ALP activity was found in 2-D and 3-D co-cultures, thus confirming that these zonal chondrocyte interactions are physiologically relevant and not artifacts of the 2-D culturing system. The inhibitory effect in 2-D co-culture however, occurred sooner and at higher magnitudes, as direct co-culture circumvents any potential diffusion limitations associated with the static 3-D system. Future studies will focus on utilizing the 3-D model to elucidate the specific roles of cell sub-populations in the regulation of articular chondrocyte mineralization.
During development, PTHrP is secreted by peri-articular chondrocytes of the epiphyseal growth plate 52, 55, 58, 72 ; recent studies have shown that post-natal PTHrP expression is localized toward the articular surface 62, 73 . It is thus likely that in our co-culture model, the SZCs are responsible for secreting the PTHrP that led to the suppression of deep zone mineralization. However, the PTHrP expression and conditioned media results point to a more complex interaction. SZC-only cultures expressed relatively low levels of PTHrP and accordingly, conditioned media from these cells had no effect on DZC ALP activity. The upregulation of PTHrP was only measured in co-culture, which suggests that cellular interaction is a pre-requisite for PTHrP secretion; this is consistent with the active PTHrPeIhh feedback loop present in endochondral bone formation.
The DZC autocrine interactions, which led to an increase in DZC ALP activity after treatment with DZC-conditioned media, may be directed by a similar mechanism as reported for pre-hypertrophic chondrocytes, which secrete Ihh to promote hypertrophy in adjacent chondrocytes independent of PTHrP during endochondral ossification 57e59 . Based on our results, the conditioned media from SZC and DZC coculture were expected to inhibit the ALP activity of DZCs. However, no significant decrease in ALP activity was measured following treatment with the co-cultured media. There are several possible explanations. The 2-D co-culture model permits autocrine and paracrine interactions, as well as physical contact between chondrocyte sub-populations. Preliminary results from our 3-D co-culture model suggest that the co-culture interactions are independent of cell-to-cell contact, as a similar suppressive effect on ALP activity was found in the segregated co-culture of SZCs and DZCs. Therefore, considering the dilution effect of Fig. 9 . Effects of cellular interactions on DZC ALP activity in a 3-D co-culture model (n ¼ 6,*:P < 0.05). In the 3-D model, DZCs were first encapsulated in a hydrogel and then co-cultured with a monolayer of SZCs. An acellular hydrogel disc separated the DZC disc from the SZC monolayer. As in the 2-D co-culture models, SZCeDZC co-culture decreased the ALP activity of DZC embedded in the hydrogel. A significant decrease in DZC ALP activity was found in co-culture when compared to the DZC-only group at day 7. co-culture (e.g., lower seeding density per cell type) coupled with limitations associated with conditioned media studies (e.g., nutrient depletion vs dilution effects), our results suggest that the amount of PTHrP present in the conditioned media is not sufficient to suppress the ALP activity of the treated cultures. Yoshida et al. 54 reported that a threshold PTHrP concentration is required for the suppression of growth plate chondrocyte hypertrophy. The conditioned media used here originated from day 4 co-cultures which are presently associated with a significant increase in PTHrP expression. Thus media from a later time point would likely be more potent. Furthermore, as an active negative PTHrPeIhh feedback loop is necessary for regulating chondrocyte mineralization, conditioned media study is inherently limited in its inability to fully mimic the in situ cellular communication occurring in co-culture.
Articular chondrocytes isolated from the deep, middle and surface zones exhibit distinct morphology and phenotypes 5, 6, 8, 21, 27 . It is thus not surprising that communication exists between cells derived from surface and deep zones of cartilage, since cellular interactions are essential for structural organization and maintenance of the controlled matrix heterogeneity inherent in complex tissues and organs. The results of this study provide a functional rationale for the structural organization of articular cartilage into these three distinct zones and suggest an important role for PTHrP in SZC and DZC interactions. Molecular transport increases from the articular surface to cartilage proper under dynamic loading 46, 47 , and unloaded joints exhibit an accelerated tidemark advancement 49 . Thus regulatory molecules such as PTHrP secreted by the SZCs are most likely transported to DZCs during joint articulation and physiological loading.
Our results suggest that in immature animals, the increased mineralization potential of DZCs induced by systemic factors such as thyroid hormone is regulated by surface zone through the PTHrPeIhh feedback loop. A major difference between adult and immature articular cartilage resides in the characteristics of the calcified cartilage region. Published studies have reported that the calcified cartilage region is avascular, relatively impermeable, and acts as a barrier against subchondral bone in adult animals 16,74e77 , while substantial vasculature that facilitates molecular transport has been measured across the calcified cartilage region in immature animals 78 . The mechanism regulating the maintenance of the osteochondral interface in adult cartilage is not known. Based on the findings of this study, we propose that with age, the continued depletion of chondrocytes at the surface zone during articulation attenuates their regulation of DZCs. This decrease in overall secretion of regulatory molecules (e.g., PTHrP and others) permits DZC mineralization and advancement of the calcification front into the non-mineralized cartilage region. A resident population of progenitor cells have been identified at the articular surface, periosteum as well as in the synovium 79, 80 , thus these cells may replenish the population of SZCs. The regulation of DZC mineralization is reactivated once a sufficient number of SZCs has been regenerated. This newly formed calcified matrix can then serve as the neo-osteochondral interface, separating the remaining articular cartilage from the underlying calcified cartilage and bone. Given the expected differences in physiology between articular cartilage in mature and immature animals, future studies are needed to confirm this hypothesis.
Interpretation of our cellular interaction findings may also be relevant for understanding the pathology of OA. It is possible that the loss of SZCs following microtrauma associated with OA may lead to tidemark duplication and the apparent advancement of the calcification zone through DZC-mediated mineralization. Moreover, damage to the subchondral plate in OA could re-expose the DZCs to systemic factors such as T3. In this case, if coupled with wear of the cartilage surface or depletion of SZCs, unchecked mineralization by DZCs can occur. High concentration of thyroid hormone has been shown to induce ectopic mineralization in adult chondrocytes isolated from full thickness articular cartilage 50 . However, it has also been reported that PTHrP level is elevated in both osteoarthritic and rheumatic joints 81, 82 . It is likely that in OA, the PTHrPeIhh negative feedback look may be disrupted or compensatory mechanisms are responsible for the maintenance of structural organization in articular cartilage. Recent studies exploring osteoblasts and chondrocytes' co-culture 83, 84 have suggested that heterotypic cellular communications may also be relevant for regulating articular chondrocyte mineralization. The mechanisms of these cellular interactions will be explored in future studies.
The findings of this study are also significant in the context of current efforts in functional cartilage tissue regeneration. Engineered cartilage constructs incorporating a biomimetic zonal distribution of articular chondrocytes have been reported 85e87 and our findings provide additional rationale for such sophisticated mimicry. Furthermore, regeneration of the osteochondral interface on cartilage grafts could be critical for long-term graft stability and functional matrix organization post-implantation 88, 89 . Our results provide initial evidence that zonal chondrocyte cellular communication plays an important role in the regulation and maintenance of the calcified cartilage zone in articular cartilage, and these insights can be utilized for the regeneration of a stable and functional osteochondral interface on tissueengineered cartilage grafts.
Conclusions
Cellular communication between zonal sub-populations of articular chondrocytes regulates chondrocyte mineralization potential. Specifically, chondrocytes residing at the articular surface actively suppress mineralization by chondrocytes in the deep layer of articular cartilage. Our results suggest that this suppression is regulated, at least in part, through PTHrP. The findings of this study represent the first reported investigation of the role of zonal cellular interactions in articular chondrocyte mineralization and provide a novel rationale for the zonal organization of articular cartilage. These findings also present a probable mechanism for the post-natal regulation of articular cartilage matrix organization and have implications for OA as well as functional cartilage repair.
